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:_ ATTITUDF,STABILIZATION OF SATE_ITES BY _ANS OF
._
!_ THE FREE REACTION SFS_RE

_- : H._ch_o_ :_ _ p_

[! : Discussion of problems arising in the app!ic_tion of the

( • free r_ction sphere as a control element in the attitude

:: stabilization of a satellite. Specifically examined are"

_ the selection of the type of bearing for the sphei_, the q

:_ determination of the rotor dimensions, the selection of a

propulsion system capable of _,plying torques to a rotor

: about any axis, and the measurement of rpm. An experi-

-_-,.... mental device proposed for use in a satellite is describe_i _ i
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2,

_ • The problems, occurring in connection with the attitude control and 3tabi- '

:_ ---lization of satellites, are mainly governed by the environmental conditions

" :prevailingin near-earth cosmic space. These premises, which differ eno:mously:
I

'- ifrom those prevailing on the surface of the earth or in at_spheri: space, in-

_'" icludingweightlessness, absence of any friction damping, intense high-energy

': iradiation,and absolute vacuum, are the determining design parameters. These
;.' ] o

1

' maresupolemented by the conditions of blastoff under usually very high accelera. _,

_ "Itions and the required life of the satellite which is of the order of magnitude

_f years, at complete freedom from servicing or maintenance. On the other hand_

' these extreme conditions also justify attempts to use unorthodox means and

_ _ Numbers in the _argin indicate pagination in the original foreign text.

?
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sophisticated tec.hnoiogies, whose application would not be considered under

less strict conditiorm. It may be of advantage in this _onnection to m_ke u_e

of physical principles which, _nder terrestrial conditions, are inapplicable or

difficult to use.

In this report, the _conc._ _iattitude stabilization" is %_ include the

following problem scopes: Primarily, the term. is to mean retention of a defi-

nite space-fixed orientation of the axes of a space vehicle and compensation of

any perturbation-induced deviations from this ideal attitude. Consequently,

the control factors of the cerresponding control cil.cuits are constants. A

generalization is obtained by -_ng the control factors, in Dart or in totali- .

ty, follow a program as it occurs in aligning one axis with a fixed ._oint in

finity or in sing_!ar pendulum motions. _

Here, we will refrain from discussing the orbital control, the instrument

errors, or the overall control circuit of the stabilization. These topics had

been co_ered in detail elsewhere. We are interested primarily in an investiga-

tion of the vanes and control elements required for stabilization and, among

-these, in the special case of the so-called reaction flyba!! ("free reaction

sphere"), with its application possibilities and problems.

2.] Review oi" Various Control Elements /2 _"=

As sources for the control elements, required for attitude stabilization_ ,:"

_several possibilities are in auestion, which can be principally subdivided into

-two groups : :-_

D

a) utilization of built-up torsion discharge into the external medium;

" b) storage of torque at the interior. _
|

A similar subdivision can be made for the perturbation factors, namely, :..,

i
3.
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a) perturbation moments due to interaction with the environment;

b) perturbation moments originating at the interior.

Here it is only a question of .viewooint to decide whether the Foments oc-

.curringat variable control factors of the rotation of the coordir_te system

.shouldbe added to this contro] factor itself or to the perturbation factor_,.

:_ Another characteristic differentiation of the perturbation factors, listed il:-

:.dividuallyin the Table, is their curve as a function of time. In this r_spect
i

:: .inanalogy with the terminology of celestial mechanlcs, secular and periodic
l'

" :perturbationscainbe differentiated, which make w_de!y differing requirements

', ;onthe control elements with respect to optimum selection of the system itself.
2'J }

.'_ iSecularmoments __dergo cumulative integration in time, and the only possibilit#

--__for compensation is the dissipation o$ angular momentum t.,wardthe outside.
2_

.:! iConversely,the time integral of periudic mo.._._ntsvanishes, and the method of

_'- iusing internal torque storage may lead to considerable savings in weight and

7oulkof the required equipment if long operating periods are involved. Simi-
q, ;

" ;far!y,in the case of statistically distributed perturbation moments, time

:"- ,averaging may yield the s_me advantages, although certain limits are set by thei

_ idegree of variance. _ ,-

"" The feasible possibilities for the generation of erecting moments are i ,

_' !assembledin Table 2. This compi3ation was _de in view of its use in a system!

_I iwithactive or passive stabilization. The recent i_crease in attempts to obtai_ t

_, '" inherent stability of space vehicles by a skilled utilization of certai" _ -

" _wouldthen require at most an artificial d_aping, ar_ disrezarded here. So *'

' far as can be .judgedtoday, it will be impo._sibleLo get along without active i ,-_

- control elements, in view of the high requirements made on the accuracy and thel L

,_

n,
i iii i m HI i i , i, i i ! _ i , i i
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TABLE i: SOURCES OF PERTL_BATION MOMENTS

a) F_%rthtsmagnetic field, with pe,_urbations by solar activity, in
: interaction with internal magnetic dipoles

b) Gravitation fields of the earth and other celestial bodies

;_ c) Radiation pressure

d) Meteorite impacts

4 e) Aerodynamic resistance of the res-dual atmosphere, asymmetric

:{ ' f) Moving interr._lparts

._ ', g) Eccentricity of the thrust vector of an orbits),propulsion system

!i :" h) Rotation of the coordinate system (can be added to the control factor).
! :

i) Electrostatic field

! _ k) Electromagnetic proper radiation.
{

,I _,, TABLE 2: ACTIVE CONTROL ELEMENTSi

"' a) Cold-gas jets, using nitrogen or argon

i; b) Hot-gas jets _.

' c) Vapor-pressure jets _

d) Plasma discharge

'" e) Ion engines

" f) Inherent twist or torque

_ g) Reaction &yros

! '; h) Flywheel
J

i) Fluid f_rwheel _.

k) Flyba]l (reaction sphere)

IL

_ "_' In all nozzle aggregates, a differentiation is reauired between propor-

,_ lional and pulsed thrust control. 12

5

1
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_requency response of a given stabilization system.

.°

2.2 Application Fields ar_ Selection /_

The applicability and efficiency of the various control elements depends

prir._.rilyon the nature of the perturbation moments which must be compensated

and modulated. Secular perturbation moments require in any case the production

_f torsion by expulsion of mass or by field coupling. Conversely, torque-

" storage meShods represent an optimum for the modulation of purely periodic
11,

moments. Rotating masses such as flywheels or fiyballs act as a type of sink

i. {forangular momentum, with a saturation value given by the mechanical critical
G

! _values (angular velocity and rotational mass). In this manner, the law of the

_ _- _conservation of moment of momentum can be utilized, which is not possible in
?. : _

_' itheexpulsion of mass. Naturally, _he question as to which type of stabiliza--

! _--_ion to use is greatly dependent on the mission of the given satellite. For

# -_'_example, in short-lived satellites, less emphasis is placed on the integration

_ !effectand weight savings will be obtained by using gas-jet stabilization. ConT i

'i _' _ersely, all satellites with a long life can be optimally designed by extensivel

':' _ Itti].izationof the integration effect. It is of importance here to balance the i

'_ ."c°°perati°nof torque production and torque storage in such a manner as to re- i

• _uce the weight and power requirements of the entire system to a minimum. :

i Another _mportant criterion for the selection of the control elements is

,,_ r_

_ _he max_num erecting moment required by the control as well as the necessary ,.
[

i,, _esolution l_it (threshold value) of the moment. A high maximum moment and a

_ne resolution are difficult to realize, if at all, for the case of mass expul_

1
_,, 'sion. This requires the use of multistage s_stems (coarse - fine) and anexces- l
,,_ 1 [

_ively high consumption of reaction elements (in the case of gas jets) or power'

,_ 6 i_

Z,

1965023278-007



(in the case of electric systems which, however, are still in a preliminary

development stage). Reaction gyros, at satisfactory resolution, may yield very

high erecting noments, but require allowance for couplings over a computer or

elimination of such couplings by _ounting the unit into an inertia frame or on

gimbals Weight _ ...._ """ " _ -....... _ca6e_ can b_ obtained one2 at high _.pmwhich, however,

.. greatly limits the life.

The use of flywheels (solid or liquid) offers all advantages of torque

storage but has the secondary effect, undesirable for fine control, of a gyro

coupling which is dependent on the corresponding storage state and whose com-

.pensationgrs_tly cc_.plicatesthe control system or the required data-handling

_] machines. In addition, frictional moments are generated in the bearings, "mutt_

-_ .ingthe resolution of the erecting moment, affecting the life because of bearing

' wear, and increasing the power consumption.

These disadvantage_ are avoided when using a free reaction sphere or fly-

• iball,although at the price of a relatively complex bearing. This bearing is

the main problem which produces th_ g_-eatestdifficulties but, if an optimal

solution is found, also offers the most widespread application possibilities.

., .°*.The Free Reaction Sphere and its Problems

" The problems in the conception of a flyba!l as the control element for

satellite stabilization can be classified in_ the foi]owing groups:

_ a) Type of bearing

'" b) Storage capacity for angular momentum, _

c) Torque resolution and maximum torque

d) Cross coupling in the three-dimensional drive ',

e) Vectorial rpm measurement
o

7

,',,- .. ...... ... ,;. .,.... " -.. ,] .., ,' :.Vt..."l;._B.'-.l(._"' " ,. " -,..'- -_.',
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f) Mechanical stability

g) Testing possibi]'itiesbefore blastoff

h) Reliability.

Natura]ly, close correlations exist between these individual problem

groups, and solutions in one field will always influence _ll other problems. "-

i_. Bearing Systems

i

_ For the bearing of the reaction sphere, a n_nber of systems had been sug-

_ igested by various interested parties; these are compi-ed in Fig°], together __th

_'_ _ relative evaluation from various viewpoints.

:_ i This evaluation is based on data by Bendix Systems, modified on the basis
i

_ :_ _f our own investigations, and does not claim absolute validity. According /_

exagger_ ito this ewluation, there rM.ght be some superiority (possibly somewhat -'

;, - _ted) of the electrostatic suspension. Tbc.:r.Siv_dualbearing systems will be

_ " discussed in more detail belov, a_cording to their ' "_pr..nclF_.eand app'licabillty.

, i

_ : #,] Gas Bearin_

_ , Types of gas bearings, including static and dynamic varls c have been

i_ %horoughly investigated in r_cenc times and applied in widely _i.'!_ring fields, ._.i_pecJ_f_lly in _ techr_io,-. The ctynamlc gas bearLng w_ ... ioad-carwing

': _orces are produced by means of _t_tion, has _he obvious d_.....,,ckthat the _ !
" _otatior_l speed of the supported f]:%all muat never d_'_:,_' _w a certain mini-I

_m, since the sphere otherwise would _ke ccntact walls. This result_ _.
(, ' I,

i, _n a dead zone, within which no continuous contro],is :.,_._sible.Although the !

iprobabtlity for occurrence of euch an event is relatively slight, only a highly!
1

icomplexlogic, together with a system wh_ch is able to dissipate torsion toward

._'_T_al_l_ _,_,,_,,_._,,:.,._,_,_; -. -_'_'_,_,;..,w_,.:,,,_,,-.,_.._,,__ . ._..-_,J. ,,_ ........ "; '-_'' :"_ _"_'_'_"_'_' "' "
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_theoutside, can prevent failure due to this cause. Another undesirable effect
I

is the low stability of _ dynamic gas bearing under conditions of weightless-

ness, which would place an upper limit on the rotational speed. 1

The con@itions are more favorable for static gas bearings. The lower rpm

limit is eliminated here and also the upper limits are no longer quite as criti_

cal since the clearances, compared to the dynamic bearing, can be made larger, i

!

1,Friction and elastic deformation of the _ph_re _ll lim_, the rotational speed _

; to about 2000 rpm and thus also will limit the s_.orago capacity. Figure 2 gives

:a schematic view of the design of such a static gas bearing. From theoretical

_,eonsiderations, the following formulas can be derived for the buoyancy and the
i

igasconsumption:
ff ;

_. w=Tp i
_, !n R/Re I

2_

"_ Q -

.:-: 6 _ In R/Ro
t

Here, _ ..

W = buoyancy ,. _,:
,,

PI = feed pressure

R = outside radius of the bearing

', Re = inside radius of the bearing )

Q _ gas consumption _
t

= viscosity

b_ = clearance.

Accordingly, a sphere of a diameter of about 22 cm and a weight of approxi*

_tely 3.5 kp at O.O1 g acceleration of gravity and a fe_ pressure of about

I torr can be kept i_ suspension_ The total gas consumption - r_mputed for

9

v
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"5

: air - would be about 20 kg per year. The difficulties lie _, the limited life

_ of a system operating .with gas in the vacuum of space, since the vacumntightnes_

"_ _-or the replacement of gas lost by leakage cannot be guaranteed over long periods

of time wi_h the r._.quiredreiiabi]ity. However, the technique has been thoroug_-

_-&y tesled, and the weight data seem to speak in favor of such a system. From J

_2 an overall viewpo_ut, however, the r_s bearing cannot be considered the idea? 7

'_ _olution. In _:ny case, it must be remembered t_t, for testing before takeoffs!
-: : ;

._ _ _-_tatic air bearings could be used as a sort of auxiliary bearing. _his would ;

_i[ o _7:_e_liminate mcst oY the d_ficulties occurring in Iong-time oueration.

--: 2; _J ., : "- : I

" ..... " s

23__ The bearing uo.inga lubricant is mentioned nere only for completeness, i

_:-_ ...... -3ucn bearings are out of ouestion for satellit_s because of excessive friction,

,_! --26__ 1__..,-.................... ; .....

_ _--_usceptibility to radiative corrosion, ar_ temperature dependence.

i -s . :
!4.3;":. -.]::- . [ _gnetic Bearing _ /8

T

-_ _--i _uite a number of exper_ental data are available on the suspension of :

_<'__magnetic objects in_a magnetic field, which also show the possibility of this_6_

_ _t;ype of suspension under acceleration of gravity. The requirements for the

- :_ea_P_ of a free reaction sphere differ in various aspects from these tests.
,J I

/_- sually, a relatively large air gap _s used _n these experiments, which _0uld

"_-_e unfavorable in our case because of the additional requirement of a drive witl ,

-"_?_"I •_naxi,r.amefiiciency (here, 0.3 _). In addition, the accelerations are no lo_e_

-I" __ restricted tA one axis but become three-dimensional. Finally, the amount of ,,"
"I

-'_ :_) acceleration is very small (of the order of magnitude of 0.01 g).

i The ponderomagnetic force exerted on a ferromagnetic _ubstance in a mag-
%," _ ___

w"

' i0 _"

)
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netic field is given by the expression

nI 2 i0-8

O.983_

Here,

F = force

A = area of the air gap

d = length of the total air gap

n = number of turns

I = current.

Accordingly, in a _ravitational field of 0.01 g, slightly more than 6 kp
:_

.. can be kept suspended at i0,000 turns and a current of 20 _a. By nature, the

_ magnetic bearing is unstable to i/d_ because of the proportionality; if d in-
f

" creases because of a minor perturbation, the magnetic force will also increase

-- .which, in t_Irn,reduces the distance, and _c o:,. To keep the spacing constant,

-' a control cirm_it i_ requlred which _!I furnish an ar+_ificialstability. /

Figure 3 shows the block diagram of the overall circuit. The attitude deviation,

'_ defined by a sensitive attitude indicator, influences the forces exerted on the _:

" sphere, over the suspension characteristic as well as over an "elect#onic"

_- ,current control and field-strength control of the magnetic coil. After deduct,-

•i ' ,ingthe inertia forces and after integration, the variation in spacing wil]: !

,beobtained.

; '_ ! In adcition to the extremely sensitive stabilization, the _in drawtack of' i

! '" a magnetic suspension is the coupling of the magnetic moments with the drive !

[ motor. The moments result in transverse forces so that the axis of the drive i

.I ' moment no longer coincides with _he motor axis. T}_.snecessitates a comp. :

allow_nce of this cross coup]ing fo_'the satellite stabilization circuit, whichI

i
ll

F

E--L

• ' .. ",,,,,".',"".' C"'%.._,' ".',.'.'" , • ."
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(

renders the entire system unreliable.

Y

i._ Electrostatic Bearin_

Basically, the loads t,hat electrostatic fields are able to support are

much lower ti_n in all other methoaa discussed above. Therefore, tn_s type of

bearing is in question only at greatly reduced acceleration ef gravity. In _,b_,.

,_se, however, this type of bearing has several advantages that may be of de-

c_'_ive influence, specifically in long-t_.e m,ission3. As in the magnetic force_

the electrostatic force exerted on a conducting body is proportional to the

.square of the field strength and thus inversely propor%ior_! to the square of

_ the interelectrode spacing. Thi_ force can be expressed by the relation

_'_....

F = A • t-_-J • _.513 x iO-la

_ where
-s

, F = Icad-carryLng capacity (kp)

A = electrode area

_ V = applied potential

_ d = cleazance.

_i_ " By u.,e of a special technique, it is possible to obtain attitude stab-'!ity:

!

j _ in this case. The process opera_e_ w_th a?ternating •voltage generated in a

I resonance circuit. The space between electrodes and sphere constitutes the i

_ ',c_pacitance of the oscillatlng circuit. The principal wiring diagram of the _

,circuit is shown in Fig._. This results in a force exerted cn the sphere, as a !,
i

_flmctlon of the clearance, as plotted in Fig,5. When operating on the left
• I

• i

_. if3_nk of this resonance curve, a basically stable suspension is obtained; how- ;

lever, damping of this suspension by suitable e]ec_ro_Aic means is required so asi

±

__ !2 _,'.:,.
)
¢
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to prevent oscillations. The required and obtainable 3upporting forces are

?lotted in Fig.6 against the radius of solid and ho]low steel zpheres.

5. Roto_____r

The ,rein viewpoint in dimensionang the rotor is the obtairable ratio of its

mass or of the ratio of the bearing to the supporting weight and the rotary

mass, on which the torque stcrag_ ."._oacitydepends. The main parmmeters are

diameter, material, and ?all thickness, since it always will be necessar V to

work with a hollow sphere. In addition, the diameter aJso defines the obtain-

able torque. It must be taken into consideration here that the g_ometric con-

fig_mation of the sphere, the equilibration, and the resistance to elastic de-

formation produced d_ring the rotation must be controllable.

The selection of the rotor _terial is defined mainly by three require-

ments. Primari]j, mechanical stability .must be maintained during rotation. In m__

addition, it is necessary that the torsion required for storage can be absorbed,
[

mear_ng that the limits _f the load-carrying capacity of _he suspension must be !

taken into consideration. In Fig.6, the occurring bearing loads are plotted

for solid and hollow steel spheres as a function of the radius, giving also the

limit obtainable with an electrostatic suspension.

Fin_liy, the rotor material n_st be suitable _or transfer of the drive

moment from the stator, ab adequate efficiency and required torque - rpm charac-

teristic. Because of satisfactory machinability and resistance to deformation,!
q

'the only m_terials in question are steel and aluminum, i

The characteristics decisiw; for the sizing are mass, rotational mass, and!

itorsion which can be represented by the following formulas, appli_ble to a _

ho!1ow sphere : _-

, 13 i
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M- _" o_ [z-(i-J!-)_]3 r_

z - 15 - r"_--

225 r_

_cr_,

M = mass of the hollow s_here

p = density of the m%terial

rl = outside diameter

d = wall thickness

,, I = rotational mass

.: 11= rpm

, D = torsion.

_,, : In Fig.7, the deformation of sclid and hollow steel spheres is plotted for.

- various diameters, as a function of the rpm.

i 6. Drive Motor

.t

.. _.h_ drive system must permit _hp. application of torque to.the rotor about

-r,_any axis. For this, three separate stator windings must be arranged in three

_" mutually perpendicular planes. The vectorial addltion of the moments produced

.by the "h_dividual stator windings yields the resultant +otal moment, in amount

_nd direction. The following conditions c|_racterize the drive system:

.. a) efficiency, i.e., torque by input power •

-, b) curve of torque versus rpm _-

c) minimum spatial coupling, i
c'

• The condition a) is self-evident. The torque characteristic, for l'_asons

Of optimum usefulness in the control circuit of the stabilization, should not )12

t

F

•. ., _r-._ _.-_._,_'o_,_NV. ,J_ ':''_-_'_,J_l_-_ __.:,___ ........ t_Nl_dl.___ E_
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defend too greatly on the r£_.; if necessary, greater efficiency must be sacri-

ficed to obtain this result.

S_atial coupling is an effect which occurs specifi_mlly only in three-

dimensional _otors. This effect _anifests itself in tb_t the rotating e]ectro-

_._etic dri_'e t'ie]d tends to oroduce a torque not only about _he rotational

axis but al_o about an axis normal to this, in the event that a rotatiorml

ve]o __"c_..y of the rotor about this ]attar aTJs is already present.

This drive coupling woul5 b_ve to be allowed for by the control circuit,

as is the case in g/ro coupling for ilywheel system_, which latter are not used

here. By proper design and sizing of the stato_ it is possible to keep them

small and constant so tbzt their consideration, if at all required, is quite

si_.ple. The individt_l stator windings are indicate4 in Fig.9, which gives a

sketch of the overall design of a free reaction sphere.

7. _ Meas1_rement

For discharging the torque stored in the sphere toward the outside, as

soon as saturation by integration of secular perturbation moments is reached, ....

the point at which this saturated state and thus the maximum pe_issible rpm"

;occur must be determinable. For this, it is required to measure the angular

velocity of the spherical rotor, in amount and direction. In practical use, the _

relative rpm must be individually measured in three mutually perpendicular axes. /

For ex_mp!e, these test data can be used to obtain the commands for operating J

! ,the gas jets. In addition, the data obtained during turn-and-hank maneuvers, ,_

I after integration, will furnish quite accurate data on the executed rotational i

angle which, then, need only a minor correction by the sensors.

For this rpm measurement, several methods are avaiJaBle, of which only the i

15
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most Lmportant will be listed below:

a) Unbalance effects

b) Optical. scanning

c) Reaction on the motor

d) AC tachometer.

'. The 'unbalanceeffects are produced by the tendency of the bearing to /13

,retain the geometric center of the sphere. If the center of gravity does not

.coincidewith this, the forces in the suspension are forced to execute oscilla-

.tionswith a frequency which is a direct measure for the rotational speed of th@

' .sphere. _ decreasing this frequeucy on a]l three axes, the desired angular-
.:,

., velocitv measurement becomes possible. Although this method appears quite

:! !;._ .simple, it does reouire a .highlycomplex computational evaluation of _he directi

]test data, so that its use becomes quite illusow. This applies even more to

_r - the optica] scanning of some pattern applied to the sphere. Conversely, the
_

._ -"' :reactionof the rpm on the stator of the drive can be used without excessively

,_ _" icompiicated computations. Since the rpm, however, is measurable only with the

'_ "_ -,motorconnected, the data must be stored over the periods without drive. The

-_ .preferablemethod seems to use an AC tachometer. Here, the motor windings serve

_ is_nultaneously as exciter and pickoff windings; in addition, the components of !

': ;theangu]ar velocit_ according to amount and sign can be obtained directly i
f

' ;across a p_hase-sensitive rectifier, is direct-,mltage data. Figure 8 shows the
i

r

ii !diagramof such a measurement. Here, the exciter voltage can be kept without

'_difficulty to such a small value that no noticeable reaction, in the form of a

:torque, is exerted on the rotor.

_', :8. _

' _ Figure 9 gives a general sketch of an experimental unlt, as it could be

: 16 _,I

F'
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used in a satellite. Of COllr.se,the design data must be ads'+q_d to the p_rticu-

!ar mission. The design sho_a_ here is .based on the ass_nption that it car be

used in a ,._atellitefor an orbit of approxin_tely 500 km height; this satellite

• h _wou]d slg _ a point _n the earth's surface during the fly-over and, durin_ its

revolution, align the solar cells with the sun for charging and, finall,v, s_ore

the resultant secular perturbation moments over a sufficiuntly long period of

time so as to prevent excessively frequent torque dissipation. This will yield

design data as they are given in Table 3, Let the satalTite have a rotational

TABLE 3

DATA OF A PROJECTED FR_ _ACT/.dN SPHERE

Sphere dimensions: diameter, 29 cm <
+- wail thickness, 0.23 cm

Material of the sphere rotor: steel

Weight of the rotor: _.5 ko

Rotational mass of the rotor: 6.7 kg-cm _

_ximum deformation : O.b_8 cm "!

Maximum rotatio_zl speed: I0,0OO rpm

_Nximum torque: 0.]. m-kp

Torque storage capacity: 0.7 × I_ gm-cm-sec -I
!

Field strength, at suspension below i g: 3 × i_ v/c_, ,..
t

Clearance : 0.25 _ :

4

mass of &500 kg-m e about the axis of its prescribed rotat±on. Let the total I _

'mean perturbation moment be about 200 dyne-cm. Using a free reaction sphere _

_with the given data, it, wi]l then be _ssible to rotate the satel!i_,e through m

180 ° in about 3/.0 sec, whiie the torque ac,_umulat_d from the perturbation moment

im

17 -

,Y
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must be discharged after about 40 days. Despite the fact that this represents

'a highly specialized application, the indicated da;ca demonstrate ti:e usefulness

of a free reaction sphere for stabilizing a low-flying satellite. However,

,beyond the available exper4._ental data a considerable amount of further develops-

'men_ work will be required before such device_ are fully operational. Neverthe4

'les_,the expected advantages for the overall syste_ of a satellite equipped

wd.th such de_.ces seen_ to justify further efforts in this d:_rection.
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